Gunungkidul Regency is an area that has both potential and problems in achieving food stability. Though agriculture in this region makes the highest contribution to Gross Regional Domestic Product, the productivity of this sector is still low. Drought is a classic problem and represents the largest barrier in agricultural development, despite high precipitation. This paper describes the design of an efficient irrigation technology to increase agricultural productivity. Specifically, this research aims to determine marginal-land suitability, analyze and design a suitable model of rainwater-harvesting-based irrigation technology. Using the method of combining field study and desktop analysis, the results indicate that the land in the research site is considered suitable given the conditions of a particular treatment for the commodities of upland rice, soybean, corn, green beans, peanuts and cassava. The model rainwater irrigation reservoir is built by considering the drainage flow and the contour of the rainwater catchment area. The feasible irrigation distribution models are the pitcher irrigation system and perforated pipe irrigation system. The pitcher system from the existing reservoir can support a maximum of 24.75 m 2 of land, 120 plants and at least 66 service days. The optimum range of pitcher water is around 25 cm with a 50-cm space between plants and one pitcher serving 4 plants. Meanwhile, the perforated pipe is mounted near the root zone (10 -25 cm) at the depth of 17.5 cm, with 25 cm left-right spacing between plants. An L-shaped pipe can serve 10 plants; one side is mounted underground while the other side is above the land surface for water intake. The pipe system from a reservoir can serve a maximum of 129.5 m 2 land. The study results lead to the conclusion that the most suitable irrigation model in the study area is the perforated pipe system.
Introduction
Some of the major problems faced by many regions globally in relation to sustainable agriculture are severe seasonal droughts and water shortages, low agricultural productivity, soil erosion, and fragile environments. Rainwater harvesting is often the only sustainable method available since surface and ground water are limited and reticulated water systems are not feasible because of the terrain and other factors.
As one of the regencies in the Special Province of Yogyakarta, Gunungkidul has potential to achieve food stability. However, though agriculture in this region makes the highest contribution to the Gross Regional Domestic Product, i.e. 35.4% [1] , the productivity of this sector is low. It is reported that drought or water availability has become the key hindering factor for agricultural development [2] . Very-deep groundwater aquifers or even the absence of aquifers dominate the physical characteristics of the regional environment. These characteristics also correspond to the low capacity of the land to absorb and preserve water. As a result, many marginal lands have become unproductive and tend to revert to natural vegetation. As reported by the Settlement and Regional Infrastructure Agency of DIY Province (2006), the precipitation in Gunungkidul Regency is higher than the water demand [3] . Hence, a study was deemed necessary to observe how this potential could be harnessed optimally in order to revitalize marginal lands to increase agricultural productivity.
In 2009-2010, research was conducted in Gunungkidul Regency which resulted in the recommendation of a main strategy to strengthen the environmental carrying capacity for the development of agricultural productivity in marginal lands by optimizing the use of rainwater for irrigation. This result is in line with the national strategies concerning food stability and safety. Two key issues are the actual productivity of the land and the importance of marginal land optimization for sustainable agriculture. Based on the recommendations from previous research, the current study was undertaken. The research site for this case study was a demonstration plot in Tancep Village of Ngawen District that was chosen due to its categorization as prioritized critical land, sufficient for water carrying capacity, and having suitable physical characteristics for agriculture.
The specific objectives of this research are: 1) to analyze and design irrigation models using rainwater harvesting; and 2) to analyze the feasibility of implementation of each irrigation model.
Research Method
The research method is a combination of surveys, field experiments, laboratory analysis, and desktop analysis.
Data Collection
Data collected in this research was data on the physical environment and socio-economic status of the population. The physical environment data consists of secondary and primary data. The collected secondary data includes:
1. Topographical Map of Indonesia for Gunungkidul Sheet at a Scale 1 : 25.000 2. Thematic Map: Land and Geology Subsequently, the purpose of the primary data was to supplement, check and complete the secondary data using field survey methods.
The socioeconomic status and population data also consisted of secondary data and primary data. Here, the secondary data was mostly collected from the statistical data issued by BPS (Indonesian Agency for Statistics) both at the sub-district level and the regional level using time series. In order to develop the model for the rainwater harvesting irrigation, the design was based on the literature and includes topography, land use, and other physical characteristics, as per existing models. In this design, the principles of planning for safe water systems (a controlled model) was used. The model consists of the rainwater reservoir and irrigation system. Subsequently, two designed models are analyzed for their physical and economical feasibility in order to determine which model is more feasible.
Data

Analysis of Technical Feasibility
Principally, the technical feasibility analysis refers to a hydrological analysis, measuring the optimality of a model in its function to preserve rainwater and to drain the water based on the needs of plants. This analysis is conducted with the model of the rainwater reservoir and irrigation system. The feasibility analysis of the rainwater reservoir includes catchment analysis from the catchment area and water loss analysis.
Estimates of the peak flow of a catchment area of less than 300 ha are calculated via the mathematic equation as follows [4] : Q = 0,002778 . C.I.A where Q represents the peak discharge at m ³ /second, C represents the coefficient of surface flow (0 ≤ C ≤ 1), I represents the rain intensity at mm/hour and A represents the width of catchment area in hectares. The feasibility of tanks is reflected in a condition where the existing peak discharge is able to contribute the maximum rainwater to the tanks.
Furthermore, hydrological analysis on irrigation systems was conducted to observe the optimum water level. The condition of water level hindering the growth of plants is commonly known as the initial wilting point, a minimum standard of water level needed by plants. The power of soil suction (pF) of the water level in the initial wilting condition ranges from 3.0 to 3.6. When the water in the soil is reduced below the initial wilting point, the plant will die due to inability to absorb water. This condition was called permanent wilting point, which is fixed, not relying on the types of plant and based on the ability of the soil to hold water from pF= 4.0 to 4.30. The interval of water level within which it is possible to absorb water is between the permanent wilting point and field capacity (pF=2.0), also called the effective water/moisture/level. However, the interval guaranteeing the normal growth of the plant is from the initial wilting point to the field capacity. The water level in this interval is also called the effective optimum water level. In general, the optimum water level is approximately 50% to 70% of the effective water level.
Results and Discussion
Rainwater harvesting-based irrigation technology is designed in two main parts, i.e. the rainwater reservoir and the irrigation system. The reservoir is a tank built by digging out the soil between the rainwater catchment area and cultivation area. Here, the elevation of the tank location should be higher than that of the cultivation area to enable the gravity-flow of water. Figure 1 shows a built rainwater reservoir.
Figure 1 A Rainwater Reservoir Model
Figure 2
Illustration of Pitcher Irrigation System [5] Prior to flowing to the reservoir, the rainwater runoff will flow into a sewage tank that has been connected to the reservoir using PVC pipes. From the reservoir, water flows through taps in the PVC pipes. The tap is manually opened and connected to a plastic hose to allow the flow of water to the cultivation area through the irrigation system. Sub-surface irrigation systems in the form of pitcher irrigation and perforated pipe irrigation are chosen based on the literature review and the characteristics of the research site. The pitcher irrigation system can use an unglazed clay pitcher sized 30 cm in diameter and 60 cm in height. The installation begins by burying the 2.5 litre volume pitcher in the ground down to its neck before planting the crops around the pitcher.
The advantage of pitcher irrigation as a sub-surface irrigation system is the possibility of direct water supply to plant root zones for the reduction of evaporation, percolation, and surface runoff [6] . In addition, the porous pitcher wall is able to control water percolation according to the saturation of soil around the pitcher (auto-regulative) [7] . Other advantages of pitcher irrigation are that pitcher irrigation is suitable for any level of user capability and most of its components can be made of local products [8] [9] .
The perforated pipe irrigation system also has potential for providing a limited wetting zone around the pipe. In addition, water is delivered to root zones with percolation rates as needed by the plants. As a result, water loss due to evaporation and percolation can be minimized. The distance between pipes is 40 cm to 60 cm because the horizontal moisture level at this range can be distributed evenly.
The analysis of the technical feasibility of irrigation models for both the reservoir and irrigation system is conducted from the hydrological performance perspective. Having an area of 1446.9604 m² = 0.14469604 ha, the catchment area in the research site is characterized by hilly, rocky, and farming area. Based on the data in Table 1 above, where R24 is the rainfall in a 24 hour period, an analysis of peak discharge is then conducted using the frequency analysis of Log Pearson III method with 6 hours for concentration time (tc). From the peak discharge analysis with various return periods, it was found that the minimum discharge occurs at 1.01-year return period in which Q = 0.000615 m³/sec, and results in the runoff volume of V = 13.2818 m³. It is assumed that only 60% of the runoff has potential to flow into the reservoir. Hence, the potential volume in the reservoir is V = 7.9691 m³.
The next aspect was the irrigation system model. With 1 x 1 x 1.5 m-tank (V = 1.5 m³), the number of tanks required to reserve runoff from a 1446.9604 m² catchment area is formulated as follows:
Tank needed = 7.9691/1.5 = 5.3 or 6 tanks
The first irrigation channel system is the pitcher system. The pitcher volume is 2.5 liters or 2500 cm³. According to the laboratory research, the model pitcher has k = 0.00001408 cm/s. Table 3 describes the calculation of the empty-pitcher period due to water percolation through the pitcher wall. The results show that the period required to empty the pitcher is 3.34 days.
According to Table 4 , a 1.5-m³ tank can support a maximum land parcel of 24.75-m 2 , 120 plants at most, and requires 66 days for service time (the relatively short planting calendar is for green beans) with an assumption that the number of plants along the land's width is 10. The optimum range of pitcher water is around 25 cm with 50-cm spacing between plants, and one pitcher serves four (4) plants.
The number of pitchers that can be buried determines the maximum land size to be served and can be calculated for several types of tanks with volumes of 3 m³ and 6 m³. The table below presents the maximum land size that can be served based on the tank volume and minimum 60-day planting calendar (Table 5) .
Perforated pipe is the second irrigation channel system. It is mounted near the root zone (10 cm -25 cm) at the depth of 17.5 cm with 25 cm left-right spacing between plants. The pipe is in an L-shape; one side is mounted underground while the other side is above the land surface for water supply. One pipe can serve 10 plants. The actual evapotranspiration of the research site is 3.66575 mm/day with the temperature of 23 -27°C, and 25 km/hour for the wind speed. To calculate the water demand in the area with subsurface irrigation, the evaporation is first calculated using the following empirical formula:
The calculated evaporation of E is 3.56713917 mm/day, so the water demand = transpiration = difference between actual evaporation and calculated evaporation is 0.098614255 mm/day. Table 6 represents the calculation results when a pipe is filled once for 10 plants. Table 7 illustrates the required period to empty the water in a tank and the land size that can be served by a 1.5-m³ tank.
The use of various volumes of tank and the number of pipes will result in different service periods. Table 8 shows the service periods based on tank volume and number of pipes.
Each tank has a capacity to serve different maximum land sizes and different numbers of plants. This maximum land size is based on the shortest service period, which is 60 days as required for green beans (Table 9 ).
All the descriptions show a performance comparison between both models with the use of the same tank volume (Table 10) .
The perforated pipe medium has more advantages than the pitcher medium. As seen in the table, with a 1.5-m³ tank, the pitcher medium can only serve a maximum of 24.75-m² land, while the perforated pipe medium is able to serve up to 129.5-m² land. The factors that make the perforated pipe medium better are:
1.
The period to empty the pitcher is long, i.e. around 3 days; hence, it is difficult to control water supply to the pitcher based on water demand of the plants; thus, the supply is merely based on pitcher capacity/volume. 2.
The water supply to perforated pipes can be undertaken manually using a dipper and funnel; hence, it is easier to control water supply based on water demand and water is fully used for transpiration. Meanwhile, the use of a hose to supply water will be more costly and make the control of the supply based on water demand for the plants more difficult.
Conclusions
The conclusions of the analysis are: 1.
The rainwater reservoir with perforated pipe and pitcher irrigation system is a model of rainwater harvesting-based irrigation technology that can be developed in the research site.
2.
The potential of the catchment area in the research site is able to support the existence of a rainwater reservoir at 7.9691 m 3 
3.
The service capacity of one 1.5-m 3 tank with an assumption of a 60-day planting calendar is able to drain water into 24.75-m 2 of land using the pitcher system and into 129.5-m 2 land by using the perforated pipe system.
With regards to its relevance to sustainability, this paper describes methods for harvesting and irrigation using local rainwater. The research addresses the problem of seasonal lack of rainwater, which can be applied to enable agriculture on marginal land in areas where other water sources are scarce or unsustainable.
